Abstract Purpose: In B-cell chronic lymphocytic leukemia (CLL), high CD38 expression has been associated with unfavorable clinical course, advanced disease, resistance to therapy, shorter time to first treatment, and shorter survival. However, the genes associated with CLL patient subgroups with high and low CD38 expression and their potential role in disease progression is not known. Experimental Design: To identify the genes associated with the clinical disparity in CLL patients with high versus low CD38 expression, transcriptional profiles were obtained from CLL cells from 39 different patients using oligonucleotide microarray. Gene expression was also compared between CLL cells and B cells from healthy individuals. Results: Gene expression analysis identified 76 differentially expressed genes in CD38 high versus low groups. Out of these genes, HEM1, CTLA4, and MNDA were selected for further studies and their differential expression was confirmed by real-time PCR. HEM1 overexpression was associated with poor outcome, whereas the overexpression of CTLA4 and MNDA was associated with good outcome. Down-regulation of HEM1 expression in patient CLL cells resulted in a significant increase in their susceptibility to fludarabine-mediated killing. In addition, when gene expression patterns in CD38 high and low CLL cells were compared with normal B-cell profiles, ATM expression was found to be significantly lower in CD38 high compared with CD38 low CLL as confirmed by real-time reverse transcription-PCR. Conclusions: These results identify the possible genes that may be involved in cell proliferation and survival and, thus, determining the clinical behavior of CLL patients expressing high or low CD38.
B-cell chronic lymphocytic leukemia (CLL) is the most common B-cell leukemia in the United States with f10,000 cases diagnosed every year (1) . CLL cells are monoclonal cells expressing CD19, CD5, and CD23 with a phenotype of mature B lymphocytes (2) . Clinical heterogeneity and resistance to therapy makes it difficult to effectively treat CLL patients. Rai and Binet staging systems (3, 4) for CLL are useful methods for predicting survival and treatment requirements, but are of limited prognostic value in early stages of the disease (Binet stage A or Rai stage 0-II). Prognostic indicators, such as immunoglobulin V H (IgVh) gene mutational status, cytogenetic abnormalities, CD38 expression, and ZAP-70 expression have been shown to correlate with clinical outcome (5 -8) . Among these, the role of the CD38 molecule in CLL biology is becoming more interesting and warrants further understanding of the genes associated with the CD38 expression in the CLL subgroup.
Human CD38, a 45-kDa transmembrane glycoprotein, was initially discovered as a thymocyte differentiation marker (9) and, subsequently, has been found on B cells, natural killer cells, and monocytes (10, 11) . CD38 acts as a receptor on B cells and CD38 antibody ligation induces phosphorylation of CD19 and prevents apoptosis of germinal center B cells. Because of a short cytoplasmic tail, the CD38 receptor uses B-cell receptor (BCR) signaling machinery for transmitting signals in the cells (12, 13) . In addition, CD38 also plays a role as an ADP ribocyclase ecto-enzyme and as a cell adhesion molecule (14) .
CD38 expression is an independent prognostic marker in CLL and several reports have shown that CLL patients expressing high CD38 are associated with an unfavorable clinical course with advanced disease stage, poor responsiveness to chemotherapy, short time to initiation of first treatment, and shorter survival, whereas CLL patients with low CD38 expression require minimal or no treatment, remain treatment free for a longer time, and have a better survival (5, 15 -17) , and, when combined with ZAP-70, can predict time to first treatment in CLL patients (18) . A recent study by Deaglio et al. (19, 20) suggests that CD38-mediated signaling results in increased proliferation and diminished apoptosis of CLL cells. All these reports confirm the ability of CD38 as a prognostic marker; however, it remains unclear whether CD38 plays a direct role in pathogenesis of CLL or is merely a marker of aggressiveness.
Emerging evidence (19, 20) in CLL biology suggests that CD38 signaling may have a potential role in increased proliferation and decreased apoptosis of CLL cells. Therefore, we investigated to identify the genes associated with CD38 expression in CLL patient subgroups and its correlation with clinical outcome. Transcriptional profiles of CLL cells were obtained from 39 different patients using oligonucleotide microarray. Significance analysis of microarray (21) was used to identify differentially expressed genes in patients with high and low CD38 expression. Among the differentially expressed genes, HEM1, CTLA4, and MNDA were selected for further analyses because of their role in hematopoietic cells (22) , cell cycle regulation, immunoregulation (23, 24) , and cell proliferation (25) . HEM1 was overexpressed and associated with poor clinical outcome, whereas CTLA4 and MNDA were underexpressed and associated with good clinical outcome in the CLL patient subgroup with high CD38 expression compared with low CD38 expression. Targeting of HEM1 using HEM1 antisense oligonucleotide resulted in a higher susceptibility of CLL cells to fludarabine-mediated killing. Finally, gene expression profiles of CD38 high and low CLL cells were compared with profiles of normal human B cells, and the results showed an association with lower ATM expression in the CD38 high CLL subgroup.
Materials and Methods
Patient information. Only untreated patients or patients not treated for the prior 6 months were enrolled in the study, assuming that 6 months would be a long enough time interval to overcome the treatment-induced alterations in gene expression pattern. Indications for treatment included worsening of physical symptoms, anemia, thrombocytopenia, or rapid lymphocyte doubling time. Fresh peripheral blood samples were collected from 39 CLL patients using an institutional review board -approved protocol and informed consent. There were 18 female and 21 male patients with a median age of 67 years. Other details of patient information are provided in Supplementary Table S1 .
Isolation and characterization of CLL cells. Monoclonal population of CD5-, CD19-, and CD23-positive circulating B-lymphocytes were defined as CLL cells. Mononuclear cells from blood taken from CLL patients were isolated using lymphocyte separation medium (Accurate Chemical and Scientific Corp.) as described previously (26, 27) . The immunophenotypes of the mononuclear cells were determined by flow cytometry using phycoerythrin or FITC-conjugated antibodies CD3-FITC, CD5-PE, CD19-PE, and CD38-PE (BD PharMingen). Cells were also double stained with CD5-PE and CD19-FITC, CD38-PE and CD19-FITC, and CD38-PE and CD3-FITC. The percentage of positive cells for each marker was determined using a Becton Dickinson FACStar plus flow cytometer. To have a homogenous CLL population, only the CLL samples with >90% CD5 + and CD19 + cells were used in the study. Where necessary, we used CD3/CD56 depletion to reduce the contaminating T and natural killer cells using Miltenyi's magnetic bead separation method (27) . The purified CLL cells were reanalyzed using flow cytometry to confirm the purity. Similarly, for analyzing CD38 expression on CLL cells, cells double positive for CD19 and CD38 expression were specifically used. Mutations of the immunoglobulin gene variable heavy chain (IgVh) region in CLL cells were determined by PCR as described earlier (27) .
Isolation of normal human B lymphocytes. B cells were selected using a negative selection principle. Using the B-cell Isolation Kit II (Miltenyi Biotech), human naive B cells were isolated by depletion of non -B cells (negative selection). Non -B cells were magnetically labeled with a cocktail of biotin-conjugated monoclonal antibodies, as primary labeling reagent, and antibiotin monoclonal antibodies were conjugated to magnetic microbeads as secondary labeling reagent. The magnetically labeled non -B cells were depleted by retaining them on a MACS column in the magnetic field of a MACS separator, whereas the unlabeled B cells pass through the column (28) . The purity of the isolated B lymphocytes was tested by flow cytometry using anti-CD19 antibodies. B lymphocytes with >95% purity were used for these studies.
RNA extraction and DNA microarray analysis. Total RNA was extracted from CLL cells using TRIzol reagent (Invitrogen) per the manufacturer's instructions and RNA quality was assessed as recently published (29) . Gene expression profiling was done by using a custom oligonucleotide microarray chip consisting of 50mer oligonucleotides representing 9,986 different genes (MWG Biotech, Human 10K oligo set A). The cDNAs were generated from the RNA obtained from CLL cells and Stratagene reference RNA and labeled with Cy-5 and Cy-3 dye, respectively, hybridized as previously described. Similarly, cDNA was generated from RNA from normal human donor B cells and Stratagene reference RNA and labeled with Cy-5 and Cy-3 dye, respectively, and hybridized. Hybridized slides were scanned for the microarray images using an Axon 4000B scanner (Axon Instruments). Fluorescence ratios for array elements were extracted by using Genepix 5.1 software. The microarray data files of all CLL patients obtained from Genepix 5.1 software were collated and further analyzed using BRB analysis tools. Lowess intensity -dependent normalization was used to adjust for differences in labeling intensities of the Cy3 and Cy5 dyes. Differential gene expression levels between samples were determined using significance analysis of microarray analyses.
Quantitative reverse transcription-PCR and real-time PCR. Differenentially expressed genes identified by the microarray analyses were confirmed using semiquantitative reverse transcription-PCR, as previously described (30) . First-strand cDNA template was generated from 5 Ag of total RNA from each CLL sample as described previously (27) . Specific transcripts were amplified with gene-specific forward and reverse primers (Supplementary Table S2 ) using a step-cycle program using Taq Polymerase (Invitrogen), as described earlier. PCR products were visualized on a 1% agarose gel stained with ethidium bromide. Expression of glyceraldehyde-3-phosphate dehydrogenase was used to normalize HEM1, CTLA4, and MNDA expression. Absorbance of each band was measured by Image Quant Imaging Software (Bio-Rad). The standard curve was generated with serial dilutions of PCR products, and the relative expression of HEM1, CTLA4, and MNDA with glyceraldehyde-3-phosphate dehydrogenase was determined as previously described (30) . Research.
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3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. To determine the susceptibility of HEM1 down-regulated CLL cells to fludarabine, freshly isolated cells (50 Â 10 3 ) were cultured in RF-10 medium in triplicate wells with and without HEM1 antisense or control oligonucleotides and 0.5 Amol/L fludarabine (Fludarabine desphosphate, F-2773, Sigma Chemical), and were incubated at 37jC with 5% CO 2 for 72 h. To avoid the nonspecific toxicity of fludarabine, only 75% of IC 50 drug concentration (0.5 Amol/L) was used in this assay. The viability of both the control and treated cells were determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay as previously described (31) .
Statistical analysis. To determine the clinical outcome, time to treatment was used as a measure where the time to treatment was defined as the time in months for initiation of the first treatment cycle since diagnosis in CLL patients. The Kaplan-Meier method was used to estimate the time to treatment distribution. Relative gene expression levels obtained from quantitative PCR were used as a measure of expression of CTLA4, HEM1, and MNDA. The expression levels were dichotomized at their median value and the log-rank test was used to compare the time to treatment between the below median and above median groups. The log-rank test was also used to assess the relationship of CD38 expression to time to treatment. In addition, where appropriate, Student's t test was used to determine the significance.
Results
Clinical outcome and gene expression in high versus low CD38 -expressing CLL patients. To determine the relationship between CD38 expression and clinical outcome of CLL patients, time to treatment was compared with CD38 expression levels. Patients having >30% CD38-positive cells were considered as the high CD38 expression group, and those with <30% CD38-positive cells were considered as the low CD38 expression group. Time to treatment distribution between patients with high and low CD38 expression was determined by the Kaplan-Meier curve (Fig. 1A) . Patients with high CD38 expression showed significantly (P = 0.0003) shorter time (30 months) to treatment compared with the patients with low CD38 expression (69 months). Furthermore, CD38 expression was correlated with immunoglobulin IgVh mutation status, a reliable known prognostic marker for CLL. CD38 expression of CLL patients with unmutated IgVh was significantly higher (55.8 F 7.5%) compared with mutated IgVh (16.35 F 3.8%) as shown in Fig. 1B . These results suggest that high CD38 expression is associated with poor clinical outcome and low CD38 expression is associated with good clinical outcome and, thus, confirms the validity of CD38 expression as a prognostic indicator.
To understand the molecular basis of CD38 expression and signaling, differentially expressed genes between high and low CD38 -expressing CLL cells were compared using oligonucleotide microarray analysis. The expression of genes was analyzed by BRB analysis tools. The global expression profiles of CLL cells expressing high CD38 were compared with low CD38 using significance analysis of microarray and identified 76 differentially expressed genes in high and low CD38 -expressing CLL patient subgroups. The results are shown as a supervised cluster (Fig. 1C) . Of the 76 differentially expressed genes, genes such as HEM1, CTLA4, and MNDA with known relevant immunohematologic functions were selected to dissect the molecular basis of clinical disparity in CLL patients with high versus low CD38 expression (22, 24, 25) .
Association of divergent expression of HEM1, CTLA4, and MNDA with disease progression in CLL patients. HEM1 is one of the significantly overexpressed genes in CLL cells expressing high CD38 compared with low CD38 in the microarray analysis. Expression of HEM1 is limited to hematopoietic cells and is highly conserved from invertebrates to mammals. HEM1 is located at the 12q13.1 region (22), a frequent target for cytogenetic abnormalities in hematologic malignancies including CLL. Therefore, the overexpression of HEM1 in high CD38 group compared with low CD38 group was further confirmed by semiquantitative real-time RT-PCR ( Fig. 2A and B) , thus validating the microarray data. Further, to determine whether expression levels of HEM1 correlate with disease progression, the log-rank test was applied across the relative expression levels of HEM1 obtained from quantitative PCR analyses. HEM1 expression directly correlated with the disease progression, implying that higher expression levels of HEM1 was associated with shorter time to treatment (Fig. 2C ). Taken together, our results suggest that HEM1 is overexpressed in CLL cells expressing high CD38, and is associated with poor clinical outcome. Further, to test whether HEM1 overexpression is associated with resistance to therapy in CLL patients, freshly isolated CLL cells from patients were treated with HEM1 antisense oligonucleotide in vitro to down-regulate the overexpressed HEM1 followed by treatment with fludarabine, a standard chemotherapy agent used in CLL. The expression levels of HEM1 transcripts were analyzed by RT-PCR, and the viability of the cells were analyzed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. The levels of HEM1 transcripts were significantly lower in the cells treated with HEM1 antisense compared with untreated cells (Fig. 2D) . Further, HEM1 antisense treatment significantly increased fludarabine-mediated killing of CLL cells (P = 0.007) compared with either cells treated with only fludarabine or irrelevant antisense as controls (Fig. 2E) . This suggests that downregulation of overexpressed HEM1 in CLL cells expressing high CD38 may make the CLL cells more susceptible for chemotherapy, and HEM1 might be one of the genes associated with poor clinical outcome.
CTLA4 is one of the significantly underexpressed genes in CLL cells expressing high CD38 compared with low CD38 in the microarray analysis. CTLA4 is a member of the immunoglobulin superfamily and is a costimulatory molecule expressed by activated T cells. CTLA4 transmits an inhibitory signal to the T cells and thus helps in regulation of immune response (23) . Recently, Komaczewska et al. (32) showed that the proportion of CTLA4 was significantly higher in leukemia B cells compared with their normal counterpart, and the expression of CTLA4 correlated with the number of CLL cells in G 0 -G 1 phase. Moreover, CTLA4 may be involved in the cell cycle machinery and is thought to prolong the progression through the G 1 phase of the cell cycle (24) . Therefore, underexpression of CTLA4 in CD38 high CLL cells compared with low CD38 cells was confirmed by semiquantitative RT-PCR and real-time PCR (Fig. 2F and G) , thus confirming the microarray results. Further, to analyze whether expression levels of CTLA4 correlate with disease progression, the log-rank test was applied across the relative expression levels of CTLA4 obtained from quantitative PCR. CTLA4 expression inversely correlated with the disease Fig. 1 . Disease progression and underlying gene expression in CLL patients with high versus low CD38 expression. A, probability of disease progression in CLL as indicated by time to treatment: Kaplan-Meier curve comparing time periods from diagnosis to initiation of chemotherapy in CLL patients expressing high CD38 to patients expressing low CD38. Statistical analysis was done using the log-rank test. B, comparison of CD38 expression across mutated and unmutated CLL. Mean CD38 expression in CLL patients with mutated immunoglobulin chain was significantly lower than mean CD38 expression in CLL patients with unmutated immunoglobulin heavy chain (P = 0.0001). C, supervised cluster analysis demonstrating differentially expressed genes in high CD38^expressing (n = 19) and low CD38^expressing (n = 20) CLL subgroups. The expression data are presented as a matrix: rows, individual genes; columns, individual samples. Color scale at the bottom, the relative level of gene expression. Arrows, location and expression levels of the three genes, namely HEM1, CTLA , and MNDA . B, confirmation of microarray data using real-time PCR demonstrating significantly higher HEM1expression in high CD38^expressing (low C t value) compared with low CD38-expressing (higher C t value) patients. C, Kaplan-Meier curve assessing the relationship of HEM1expression and time to treatment in CLL patients: Higher expression level of HEM1was associated with shorter time to treatment. D, HEM1antisense treatment. RT-PCR analysis showing down-regulation of HEM1expression in CLL cells after treatment with HEM1antisense. E, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay demonstrating a significantly increased sensitivity of CLL cells to fludarabine-mediated killing when treated with HEM1antisense (AS) and fludarabine together compared with fludarabine alone (*P = 0.007), cells treated with irrelevant antisense and fludarabine (#P = 0.0001) or antisense oligonucleotide (ODN) alone or an irrelevant oligonucleotide. F, mean CTLA4 expression for each high CD38â nd low CD38^expressing group. G, confirmation of microarray data using real-time PCR demonstrating significantly lower CTLA4 expression in high CD38^expressing (high C t value) compared with low CD38^expressing (low C t value) patients. H, Kaplan-Meier curve assessing the relationship of CTLA4 expression and time to treatment in CLL patients: Higher expression level of CTLA4 was associated with longer time to treatment. I, mean MNDA expression for each high CD38^and low CD38^expressing group. J, confirmation of microarray data using real-time PCR demonstrating significantly lower MNDA expression in high CD38^expressing (high C t value) compared with low CD38^expressing (low C t value) patients. K, Kaplan-Meier curve assessing the relationship of MNDA expression and time to treatment in CLL patients: Higher expression level of MNDA was associated with longer time to treatment. progression; lower expression of CTLA4 was associated with significantly shorter time to treatment and poor clinical outcome compared with high CTLA4 expression associated with good clinical outcome (Fig. 2H) .
Myeloid cell nuclear differentiation antigen (MNDA) was another significantly underexpressed gene in the CD38 high CLL subgroup compared with low CD38 group identified in the microarray analysis. MNDA belongs to the IFN-inducible gene family and its expression is limited to the cells of hematopoietic lineage (33) . Comparison of expression of genes specifically involved in immunologic functions across different prognostic markers, such as CD38 expression, IgVh mutation status, and chromosome abnormality in CLL patients, revealed that MNDA was consistently overexpressed in CLL patients with good prognosis (Supplementary Table S3 ). Therefore, underexpression of MNDA in CLL cells expressing high CD38 group compared with low CD38 group was confirmed by semiquantitative RT-PCR and real-time PCR (Fig. 2I and J) . Further, to analyze whether expression levels of MNDA correlate with disease progression or not, the log-rank test was applied across the relative expression levels of MNDA obtained from quantitative PCR and disease progression. MNDA expression inversely correlated with the disease progression; higher expression of MNDA was associated with significantly longer time to treatment compared with low MNDA expression that associated with shorter time to treatment (Fig. 2K) .
Relationship of BCR signaling molecules BCL2, NFATC2, and VAV3 with the CD38 expression. Because CD38 signaling uses the BCR signaling machinery to transmit the proliferation signal, we specifically looked at the expression levels of genes involved in BCR signaling. A correlative approach was used in this case and Pearson correlation was used to test the correlation of CD38 receptor expression with its downstream effector genes. BCL2, NFATC2, and VAV3 significantly correlated with CD38 expression in CLL patients, implying that the higher the CD38 expression, the higher the BCL2, NFATC2, and VAV3 expression (Fig. 3A-C) . BCL2, NFATC2, and VAV3 are known to play a central role in the B-cell development and maturation and proliferation, and its correlation with CD38 expression might explain the possible reason for the observed clinical disparity in CLL patients with high and low CD38 expression patterns.
Overall, these results suggest that higher CD38 expression is associated with higher expression of genes involved in BCR signaling. HEM1, CTLA4, and MNDA may be the key players that are responsible in determining the clinical outcome of CLL patients with high and low CD38 expression. Also, HEM1 can be targeted using antisense oligonucleotides to increase susceptibility of CLL cells to chemotherapy.
Differential expression of ATM in CLL cells with high and low CD38 expression. We have also done a pairwise analysis comparing gene expression profiles in normal B cells with CD38 high CLL cells and CD38 low CLL cells. Pathway analysis was used to identify the functional differences between CD38 high CLL cells and normal B cells, and CD38 low CLL cells and B cells. Pathway comparison in BRB is based on gene ontology comparison and provides a list of Gene Ontology categories that have more genes differentially expressed among the phenotype classes than expected by chance. The genes are then grouped by BioCarta pathways rather than by Gene Ontology categories. BioCarta is a trademark of BioCarta, Incorporated, and the pathways included in BRB array tools provide displays of gene interactions within pathways for human and mouse cellular processes.
Pathway analysis revealed that CLL cells with high and low CD38 shared a common pathway 4-1BB (CD137, a member of tumor necrosis factor receptor family) -dependent immune response. In addition, pathway analysis also showed that apoptotic signaling pathway in response to DNA damage was active in CLL cells with low CD38 expression but not in CLL cells with high CD38 expression (Supplementary Table S4A and S4B). ATM was one of the genes involved in apoptotic signaling pathway (Supplementary Table S5 ) and was found to be overexpressed in CLL cells with low CD38 expression compared with normal B cells. These observations made us hypothesize that CLL cells with low CD38 expression may have higher ATM expression compared with CLL cells with high CD38 expression (34, 35) . To prove this hypothesis, ATM expression in 25 different CLL samples was analyzed using Research.
on April 11, 2017. © 2007 American Association for Cancer clincancerres.aacrjournals.org Downloaded from real-time RT-PCR. The ATM expression was normalized using glyceraldehyde-3-phosphate dehydrogenase as an internal control. Results showed that ATM was significantly underexpressed in CLL cells with high CD38 (Fig. 4A and B) . In addition, to further confirm the differential expression of ATM, we also looked at the transcription levels of CHK2, a target for ATM in CLL cells (36, 37) with high and low CD38 expression (Fig. 4C ). There was a significant increase in the expression of CHK2 in the CD38 low group compared with the CD38 high CLL subgroup. These results with CHK2 expression are in line with ATM expression in CD38 high and low CLL subgroups. Thus, overexpression of ATM in CLL cells with low CD38 expression may be responsible for making these cells more susceptible to apoptosis in response to chemotherapy-induced DNA damage.
Discussion
Clinical heterogeneity in CLL warrants the immediate necessity of new avenues to predict the prognostic indicator and, thereby, treatment. In our gene expression analyses, significance analysis of microarray identified 76 differentially expressed genes in high and low CD38 -expressing CLL patients, revealing an underlying gene expression pattern. Similar microarray study has been done in the past comparing the gene expression profiles of CD38-positive and CD38-negative CLL (16) . There are several differences between our study and the study by Durig et al. (16) , including number of genes on the array chip. Their study concentrated on the CLL subgroup revealed by an unsupervised cluster, whereas in our study the unsupervised cluster did not reveal any such subgroup (data not shown). In addition, they used the Wilcoxon rank sum test for identifying the differentially expressed genes in CD38-positive and CD38-negative CLL subgroups, which may be less robust compared with the significance analysis of microarray, used in our study.
This study reports the differential expression of HEM1, CTLA4, and MNDA genes for the first time in CLL groups with high and low CD38 expression. HEM1, a transmembrane protein with an unknown function, is also found to be significantly overexpressed in CLL patients with trisomy 12 abnormalities (data not shown). Also, all the CLL patients with trisomy 12 expressed high CD38 (Supplementary Table S1 ). Similarly, Haslinger et al. (38) have described HEM1 overexpression in trisomy 12 subgroups. HEM2, a homologue of HEM1 that is expressed only in the brain, when down-regulated with antisense treatment, induces apoptosis in neurons (39) . This observation also prompted us to use an antisense against HEM1. Down-regulation of HEM1 by antisense increased the susceptibility of CLL cells to fludarabine even at a 75% lower dose than the suggested IC 50 of fludarabine (40), suggesting a role of HEM1 in therapy resistance. However, the precise role of HEM1 in cell proliferation or chemoresistance remains unknown. HEM1 protein has a transmembrane domain, suggesting its role in cell signaling. It can be speculated that HEM1 signaling pathways may activate cell survival or proliferation. These observations warrant further in-depth study of HEM1-mediated signaling in CLL cells.
A study by Kosmaczewska et al. (32) showed that CTLA4 was overexpressed in CLL cells compared with their normal B cells and its expression inversely correlates with Rai stages in CLL patients and suggested a role of CTLA4 in arresting leukemic B cells in G 0 -G 1 phase. In our study, good prognosis indicators such as low CD38 expression, 13q deletion, and normal karyotype, and immunoglobulin mutation correlated with higher expression of MNDA, indicating a growth-inhibitory/ tumor-suppressor role of MNDA in CLL, which needs to be confirmed with additional studies.
Furthermore, because CD38 signaling uses the BCR signaling pathway for transmitting the intracellular signals, we specifically looked for the expression of genes involved in BCR signaling across high and low CD38 -expressing groups. Expression of BCL2 directly correlated with the CD38 positivity (Fig. 3A) . BCL2 has been regarded as the main culprit in CLL (41) and this is the first report demonstrating direct correlation between BCL2 levels and CD38 expression levels. Similarly, expression of other genes, such as NFATC2 and VAV3, that are involved in B-cell differentiation and survival, respectively (42, 43) , directly correlated with CD38 expression. VAV3 up-regulates BCL2 via nuclear factor-nB and thus shows that higher VAV3 expression in CD38 high expressing CLL cells may lead to higher survival in these cells (44) . NFATC2 is a member of the NFAT family of transcription factors that regulates lymphocyte activation and plays a direct role in cell cycle regulation (45, 46) . Higher expression of NFATC2 shows activated phenotype of CLL cells with high CD38 expression. It remains unclear how NFATC2 may affect disease aggressiveness of CLL cells expressing high CD38 and warrants further in-depth studies to ascertain its role in CLL biology. Other genes involved in BCR signaling, such as BTK, SYK, and BLNK, did not show any correlation with CD38 expression and it may be speculated that activity of these genes may be regulated by their phosphorylation status. Together, these observations suggests that CD38 may be responsible for driving the underlying gene expression pattern in addition to its role as a signaling molecule (19, 20) in CLL cells. Whether CD38 directly affects the expression of the identified differentially expressed genes remains unknown and would be a part of future studies in the laboratory.
Previous studies have compared gene expression differences in normal B cells and CLL cells (47) showing a gene expression signature associated with disease progression as well as between CD38 high and low CLL cells (16) demonstrating a role for translation-related gene in the pathogenesis of CLL. On the other hand, our results point at certain genes that might be involved in the behavior of CLL cells leading to either aggressive clinical outcome or an indolent disease. The genes involved in the regulation of CLL cell proliferation/survival or death are HEM1, MNDA, CTLA4, and ATM as well as BCL-2, VAV3, NFATC2, and CHK2. The precise interaction(s) of these genes in CLL cells that regulate their pathogenesis are currently being investigated.
ATM down-regulation in CLL patients with high CD38 expression may be responsible for a progressive disease and confirms similar observations by others (48, 49) showing that ATM-deficient CLL patients are refractory to DNA-damaging chemotherapeutic drugs. Thus, these observations suggest that patients with high CD38 expression with ATM deficiency may not respond to fludarabine and chlorambucil, which are the frontline chemotherapeutic drugs in CLL that act by inducing DNA damage in CLL cells. Therefore, novel therapeutic strategies that bypass the ATM pathway need to be devised to treat this subgroup of CLL patients with high CD38 expression.
Although there is a report suggesting changes in CD38 levels, the extent of shift of CD38 remains controversial. In our data, the CD38 expression levels were measured at multiple times for the same patient and we did not see a significant change. Role of CD38 as a surrogate marker for IgVh mutation status has always been controversial. In our data presented here, the CLL patients with unmutated IgVh had an overall significantly higher CD38 expression compared with patients with mutated IgVh. Although these observations suggests that there might be a correlation between IgVh mutation status and CD38 expression, use of CD38 expression as a surrogate marker for IgVh mutation remains inconclusive. Moreover, a change in CD38 expression in response to treatment has been reported (50) . However, in our laboratory, CD38 expression levels were measured at multiple times for the same patient and we did not see a significant change. However, untreated patients or patients not treated for the prior 6 months were enrolled in the study, assuming that 6 months would be a long enough time interval to overcome the treatment-induced alterations in gene expression pattern. Also, previous gene expression studies from our laboratory revealed similar gene expression profile in untreated and 6 months posttreatment scenario of the same CLL patient, suggesting a minimal chance of selection of subclones either with regard to CD38 status or with regard to gene expression.
To summarize the findings of this study, we put forth a possible CLL model (Fig. 5) . CD38 signaling may play a role in increased proliferation and decreased apoptosis of CLL cells by activating BCR signaling genes, such as BCL2, VAV3, and NFATC2. CD38 is known to directly activate/phosphorylate ZAP-70 in T cells and natural killer cells (51, 52) , and, therefore, it can be assumed that ZAP-70 may play a role in transmitting the intracellular signals from CD38 to VAV3 and VAV3 may directly up-regulate nuclear factor-nB, thereby activating BCL2, which results in decreased apoptosis. NFATC2 may be activated via PLCg pathway, which may result in proliferation of CLL cells. On the other hand, higher expression of antiproliferative genes, such as CTLA4 and MNDA, may decrease proliferation of CLL cells. In this case, a shift of the balance in one direction or the other will determine the cell fate (i.e., either the cell will proliferate or its proliferation will be arrested). Among all these genes, HEM1 remains the least studied player and needs to be further studied to determine its role in CLL biology.
